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Determinants of S. cerevisiae Dynein
Localization and Activation: Implications
for the Mechanism of Spindle Positioning
tures (vesicles, kinetochores, or specific membrane do-
mains) followed by either minus end-directed movement
of cargo or sliding of microtubules (MTs) across the
dynein anchor site [3–5]. Despite the recent identifica-
tion of many dynein regulators and subunits, the molec-
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dynein-based motility are not known, and the generalityThe Children’s Hospital
Harvard Medical School of this model has not been established.
Budding yeast has been an important system for44 Binney Street
Boston, Massachusetts 02115 studying dynein-dependent motility. In budding yeast,
the mitotic spindle, assembled in the mother cell, must2 Department of Biological Sciences
Western Michigan University be oriented along the mother-daughter (bud) axis and
then inserted across the bud neck. Two partially overlap-Kalamazoo, Michigan 49008
3 Department of Biology ping mechanisms mediate normal spindle positioning
and nuclear migration [6, 7]. The initial orientation of theJohns Hopkins University
Baltimore, Maryland 21218 mitotic spindle toward the bud requires actin and a set
of proteins that includes the kinesin motor Kip3p. Subse-
quent spindle insertion requires dynein and dynein regu-
lators [8, 9]. The dynein-dependent spindle insertionSummary
mechanism seems to involve the attachment of astral
MTs (aMTs) to the bud cortex followed by sliding ofBackground: During anaphase in budding yeast, dynein
cortically attached aMTs toward the bud tip [10]. Unlikeinserts the mitotic spindle across the neck between
in higher eukaryotes, anaphase spindle insertion is themother and daughter cells. The mechanism of dynein-
only known function of dynein in budding yeast.dependent spindle positioning is thought to involve re-
A recruitment-anchoring model has been invoked tocruitment of dynein to the cell cortex followed by capture
explain dynein-dependent spindle positioning in bud-of astral microtubules (aMTs).
ding yeast [3, 5, 11, 12]; however, the evidence is indi-Results: We report the native-level localization of the
rect, as only a small pool of budding yeast dynein hasdynein heavy chain and characterize the effects of muta-
been detected at the cell cortex, even when the dyneintions in dynein regulators on its intracellular distribution.
heavy chain is overexpressed [8]. General support forBudding yeast dynein displays discontinuous localiza-
this model comes from studies in other cell types wheretion along aMTs, with enrichment at the spindle pole
both dynein and dynactin were localized to the cell cor-body and aMT plus ends. Loss of Bik1p (CLIP-170), the
tex [5]. Further support comes from the identification ofcargo binding domain of Bik1p, or Pac1p (LIS1) resulted
candidate cortical anchors. The best candidate for ain diminished targeting of dynein to aMTs. By contrast,
yeast dynein cortical anchor is Num1p. Num1p binds toloss of dynactin or a mutation in the second P loop
both dynein and dynactin, is associated with the plasmadomain of dynein resulted in an accumulation of dynein
membrane via its pleckstrin homology (PH) domain, andon the plus ends of aMTs. Unexpectedly, loss of Num1p,
is essential for dynein-dependent spindle positioninga proposed dynein cortical anchor, also resulted in se-
[11–14]. A second potential dynein cortical anchor is thelective accumulation of dynein on the plus ends of ana-
dynactin complex. Dynactin was originally identified asphase aMTs.
an activator of dynein-dependent vesicle transport inConclusions: We propose that, rather than first being
vitro [15], is essential for dynein function in yeast, andrecruited to the cell cortex, dynein is delivered to the
is known to promote dynein processivity [9, 16–18]. Dy-cortex on the plus ends of polymerizing aMTs. Dynein
nactin also links dynein to a variety of cargos and subcel-may then undergo Num1p-dependent activation and
lular sites (reviewed in [4] and [5]). Thus, by analogy,transfer to the region of cortical contact. Based on the
dynactin might be involved in linking dynein to the cellsimilar effects of loss of Num1p and loss of dynactin on
cortex in budding yeast. A third candidate for linkingdynein localization, we suggest that Num1p might also
dynein to the cortex is LIS1, the type I lissencephalyenhance dynein motor activity or processivity, perhaps
disease gene, whose budding yeast ortholog is PAC1by clustering dynein motors.
[19, 20]. However, there is evidence that LIS1 may also
be involved in other aspects of dynein function such as
Introduction recruitment of dynein onto MTs and regulation of dynein
motor activity [21–23]. Currently, it is not known if LIS1
Cytoplasmic dynein is a minus end-directed microtubule has multiple functions or whether one of these functions
motor required for many cellular processes [1, 2]. Most is primary.
dynein-dependent motility events are thought to involve Recently, a significant pool of dynein and dynactin
recruitment and anchoring of dynein to cellular struc- has been observed at the plus ends of aMTs [24–27].
Dynein may be targeted to aMT plus ends by the CAP/
Gly MT binding domain of the p150Glued dynactin subunit.*Correspondence: david_pellman@dfci.harvard.edu
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This domain mediates a dynamic association with MT
plus ends termed “plus-end tracking” [27–29]. Another
candidate for recruiting dynein to MTs is the CAP/Gly
domain-containing microtubule-associated protein
(MAP) CLIP-170 [28], possibly when complexed with
LIS1 [21, 23].
In this paper, we describe the localization of the bud-
ding yeast dynein heavy chain at native levels and com-
prehensively characterize the effects of mutations in
dynein regulators on the intracellular distribution of the
dynein heavy chain. Our findings suggest an alternative
model for controlling dynein-dependent MT-cortical in-
teractions and spindle insertion in budding yeast.
Results
Dynein Heavy Chain Localizes to aMTs and
Spindle Pole Bodies at Native Levels
As a first step toward characterizing the mechanism
of dynein-dependent spindle positioning, we integrated
three tandem copies of green fluorescent protein (GFP)
at the C terminus of the DYN1 locus. The resulting fusion
(DYN1-3GFP) was fully functional (Experimental Proce-
dures). Dyn1-3GFP was readily detectable: it displayed
a dot-like signal observed at or near spindle pole bodies
(SPBs) and on aMTs, particulary aMT plus ends (Figure
1). The discontinuous localization of Dyn1-3GFP to spe-
cific MT substructures contrasts with the even distribu-
tion of overexpressed Dyn1-GFP along aMTs [30]. Dyn1-
3GFP localized to one or both SPBs in the majority
of wild-type cells (Figures 1 and 2A). Consistent with
previous work, we also observed a bias for dynein local-
ization to the bud-proximal SPB in preanaphase cells;
this may be explained by a lag in the nucleation of aMTs
from the newly formed SPB [6].
Dyn1-3GFP was frequently observed concentrated at
Figure 1. Subcellular Distribution of the Dynein Heavy Chain at Na-the plus ends of aMTs (Figure 1). This plus-end localiza-
tive Levelstion was most prominent during anaphase: 66% of ana-
Wild-type cells expressing Dyn1-3GFP from the native locus. Fromphase cells had Dyn1-3GFP visible on their aMT plus
left to right: DIC; Dyn1-3GFP fluorescence (green); CFP-Tub1p fluo-
ends, compared to 48% of G1 cells and 40% of preana- rescence (-tubulin, red); GFP and CFP merged images. Cells at
phase cells (Figure 2A). Similarly, after examining indi- different stages of the cell cycle are shown: (A) G1 unbudded cells;
vidual aMTs, we found that 91% of anaphase aMTs had (B) preanaphase cells; (C) anaphase/telophase cells. Note that the
cell in the upper left in (B) displays asymmetric localization of dyneinDyn1-3GFP visible on their plus ends, compared to 47%
to the bud-proximal SPB. Small arrows indicate dynein associatedof G1 aMTs and 79% of preanaphase aMTs. Rapid single
with aMT plus ends, and arrowheads indicate dynein associatedfocal plane time-lapse imaging confirmed that Dyn1-
with the SPB. Scale bar equals 2 m.
3GFP is targeted to aMT plus ends and revealed that it
remains associated with the MT plus end during both
polymerization and depolymerization of the MT (Figure C-terminal 238 amino acids (J.G. and M.A.H., unpub-
3). We did not detect specific cortical localization of lished results). To more specifically examine the role of
Dyn1-3GFP under any of the conditions examined. Bik1p in dynein function, we studied strains expressing
Bik1-CT40p [32]. This truncation removes the “cargo
binding” domain of Bik1p that is required for the interac-The Bik1p “Cargo Binding” Domain Is Required
for Dynein-Dependent Spindle Positioning tion between LIS1 and CLIP-170 in mammalian cells
[21], but leaves the MT binding domain and coiled-coilGenetic studies in budding yeast suggested that the
CLIP-170 ortholog (BIK1) is important for dynein-depen- regions of Bik1p intact. Bik1-CT40p has a similar ex-
pression level and a similar pattern of localization asdent spindle insertion [13]; however, aMTs in cells lacking
Bik1p are very short [31] and could therefore indirectly Bik1p [32]. Moreover, in contrast to the short aMTs in
bik1 cells, bik1-CT40 cells have aMTs similar in lengthaffect dynein localization and/or motility. Previously, we
identified that a specific allele of BIK1, bik1-14, (but not a to those in dyn1 cells (slightly longer than those of wild-
type cells; see Figure S1 in the Supplementary Materialbik1mutant) displayed a pattern of genetic interactions
with kinesin motor mutations similar to a dyn1 strain available with this article online). Thus, any effects of
the bik1-CT40 mutation on spindle insertion or nuclear[13]. bik1-14 encodes a truncated Bik1p lacking the
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Figure 2. Requirement for Bik1p and Pac1p
to Recruit Dyn1-3GFP onto aMTs and aMT
Plus Ends
Dyn1-3GFP was imaged in wild-type, bik1,
bik1-CT40, and pac1 strains during the in-
dicated cell cycle stages.
(A) Shows the percentage of cells displaying
Dyn1-3GFP localization at either the SPB(s)
or to the plus ends of aMTs. Between 200
and 400 cells were scored for each strain at
each cell cycle stage. The bars indicate the
range of values obtained for independent ex-
periments.
(B) Images of representative cells scored in
(A). Top, Dyn1-3GFP; middle, CFP-Tub1p;
bottom, merged images. Arrowheads indi-
cate the plus ends of aMTs lacking Dyn1-
3GFP labeling. Scale bar equals 2 m.
migration cannot be attributed to abnormally short all double mutant combinations of bik1 or bik1-CT40
and the dynein pathway components, dyn1 and pac1,aMTs.
We directly compared the genetic interactions and were viable and failed to display an additive growth
defect at any temperature tested (see Table S1 in themitotic defects in strains lacking Bik1p or the Bik1p
cargo binding domain to those lacking Dyn1p. All double Supplementary Material). Additionally, bik1 and partic-
ularly bik1-CT40 strains displayed nuclear migrationmutant combinations of bik1 or bik1-CT40 and the
“Kip3 pathway” components, kar9 or bim1, were invi- defects similar to dyn1 strains. In bik1 strains, 53%
of anaphase cells displayed elongated spindles withinable or displayed a severe synthetic growth defect (see
Table S1 in the Supplementary Material). By contrast, the mother cell at 30C, and 27% of anaphase cells
Figure 3. Dynamic Association of Dyn1-3GFP with Polymerizing and Depolymerizing aMT Plus Ends
Time-lapse series was collected by rapid single focal plane imaging of diploid wild-type cells expressing Dyn1-3GFP. Time is in seconds.
(A) Dyn1-3GFP associates with a polymerizing aMT.
(B) Dyn1-3GFP associates with a depolymerizing aMT. Spindle pole body indicated by dark gray arrowheads; aMT plus ends indicated by
white arrowheads. Scale bar equals 2 m.
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Figure 4. Loss of Bik1p Results in a Similar Phenotype as Loss of
Figure 5. Two-Hybrid Interaction between Bik1p and Pac1p Re-Dyn1p
quires the Bik1p Cargo Binding Domain
The percentage of cells from a cycling population with an elongated
“Pac1” indicates a plasmid expressing the Gal4 DNA binding domainanaphase spindle entirely within the mother cell (black bars), or with
fused to amino acids H40-R494 of Pac1p; “BD” is the Gal4 DNAtwo nuclei contained within the mother cell (gray bars). To score
binding domain alone. On the left of each composite, the activationthe position of anaphase spindles, more than 100 GFP-Tub1p-ex-
domain alone (AD) or different Bik1-activation domain fusions arepressing anaphase cells were scored for each strain. To score the
indicated (numbers indicate the amino acids of the 440 amino acidpercentage of anaphase cells containing two nuclei in the mother
Bik1 protein). The control medium, SD lacking tryptophan and leu-cell body, more than 200 DAPI-stained anaphase cells were scored.
cine (WL), shows the growth of the strains in the absence of the
selection for the two-hybrid interaction. The test medium, SD lacking
tryptophan, leucine, histidine, and adenine (WLHA), shows the
contained binucleate mothers at 16C (Figure 4). The growth of the strains under conditions selecting for interaction.
phenotype of a bik1-CT40 strain was even more similar
to that of dyn1 strains than the bik1 strain. Anaphase
elongation in the mother cell occurred in 72% of bik1- screen (Figure 5). If the coding sequence for the Bik1p
CT40 cells at 30C, and 57% of anaphase cells con- cargo binding domain was eliminated from this frag-
tained binucleate mothers at 16C (Figure 4). Finally, ment, it no longer interacted with Pac1p (Figure 5, M112-
bik1 dyn1 or bik1-CT40 dyn1 double mutants had F400). However, the Bik1p cargo binding domain alone
the same phenotype as dyn1 single mutants (Figure failed to bind Pac1p (Figure 5, D401-F440). This sug-
4). Together, these results suggest that in vivo Bik1p gests that the Bik1p cargo binding domain was neces-
functions as a component of the dynein mechanism sary but not sufficient for interaction with Pac1p in this
and highlight a crucial role for the Bik1p cargo binding assay, perhaps because interaction requires dimeriza-
domain in dynein-dependent motility. tion of this domain. The finding that the Bik1p cargo
binding domain is required for the Bik1p-Pac1p interac-
tion highlights an evolutionarily conserved relationshipIsolation of BIK1 from a Two-Hybrid Screen
for Pac1p-Interacting Proteins between CLIP-170 and LIS1 family proteins [21–23].
We obtained several lines of evidence suggesting that
the budding yeast LIS1 ortholog PAC1 functions to- Bik1p and Pac1p Are Required to Recruit
Dynein onto aMTsgether with Bik1p to promote dynein-dependent motil-
ity. We used a two-hybrid screen to identify potential We next tested the influence of Bik1p and Pac1p on
Dyn1-3GFP localization. Dyn1-3GFP signal was absentPac1p-interacting proteins. The largest number of
clones identified in the screen was represented by BIK1 or significantly reduced in bik1 cells and also much
reduced in bik1-CT40 and pac1 cells (Figure 2). The(six independent clones). The smallest of these clones
encoded the last 134 C-terminal amino acids of Bik1p most dramatic effect of the bik1-CT40 and pac1 mu-
tations was the reduction of Dyn1-3GFP labeling of aMT(Figure 5, E306-F440). We attempted to verify this inter-
action by coimmunoprecipitation using multiple differ- plus ends (Figure 2). Thus, Pac1p and the Bik1p cargo
binding domain are required to optimally recruit dyneinent conditions. In contrast to what has been reported
for LIS1 and CLIP-170 [21], we were unable to coimmu- to aMTs. These effects on Dyn1-3GFP localization can-
not be explained by short aMTs because bik1-CT40noprecipitate Pac1p and Bik1p (data not shown). Thus,
yeast Pac1p and Bik1p interact, but this interaction may and pac1 do not result in shortened aMTs (see Figure
S1 in the Supplementary Material). Finally, consistentbe either transient or of low affinity.
Next, we tested whether the Bik1p cargo binding do- with the idea that Bik1p and Pac1p function together,
we found that dynein localization in a bik1-CT40 pac1main was required for the interaction with Pac1p. The
M112-F440 Bik1p fragment interacted with Pac1p as double mutant was similar to that observed in the single
mutants (data not shown).well as any Bik1p truncation identified in the two-hybrid
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dles. We observed a 5.6-fold increase in the fluores-
cence intensity of Dyn1-3GFP at the plus ends of ana-
phase aMTs in nip100 strains relative to the wild-type
control (Figure 7A; p  0.001 by a Student’s t test).
Consistent with this finding, we also observed an in-
creased number of nip100 anaphase cells with Dyn1-
3GFP labeling at aMT plus ends (Figure 6A). Concomitant
with the increase in Dyn1-3GFP aMT plus-end labeling in
dynactin mutants, we also observed a decrease in SPB
labeling (Figure 6A). An example of the distribution of
the fluorescence intensity of Dyn1-3GFP along an aMT
in a nip100 and control strain is shown in Figure 7B.
This increase in dynein accumulation to aMT plus ends
was specific to anaphase and not observed in G1 or
preanaphase cells (Figure 6A). This pattern of Dyn1-
3GFP localization is in sharp contrast to that observed
in bik1-CT40 and pac1 mutants where Dyn1-3GFP
signal was reduced but, when observable, was primarily
at the bud-proximal SPB (Figure 2), suggesting that the
effect is specific. Furthermore, by examining double mu-
tants, we found that the prominent aMT plus-end local-
ization of Dyn1-3GFP in anaphase nip100 cells was lost
if these strains also contained the bik1, bik1-CT40, or
the pac1mutations (Figure 6 and data not shown). This
suggests that aMT plus-end localization of Dyn1-3GFP
in dynactin mutants is dependent upon Pac1p or the
Bik1p cargo binding domain and that dynein is targeted
to the aMT plus ends in nip100 cells by the same
mechanism as in wild-type cells.
To determine whether a compromised dynein motor
had the same effect on dynein localization as the loss
of dynactin, we studied the localization of a series of
dynein mutants bearing alterations in the P loops of the
motor domain. The highly conserved first P loop domain
of dynein is the principal site of ATPase activity [33, 34].
The remaining P loop domains are required for overall
activity of the dynein motor and have been demon-
strated to bind nucleotide in axonemal dynein, yet their
role in cytoplasmic dynein motor activity remains un-
clear [34]. We found that a dyn1 mutant containing a
deletion of the second P loop behaved like a null allele,
as evidenced by its nuclear segregation defect and ge-
netic interactions (see Supplementary Materials). This
mutant protein (Dyn1-P2-3GFP) was significantly con-Figure 6. Loss of Dynactin or Num1p Results in the Accumulation
of Dyn1-3GFP at the Plus Ends of aMTs during Anaphase centrated at the plus ends of aMTs during anaphase
(Figure 6B), a similar but somewhat less dramatic effect(A) The percentage of cells of the indicated genotypes displaying
Dyn1-3GFP associated with either the SPB or the plus ends of aMTs. than the accumulation of wild-type dynein observed in
Cells were scored as in Figure 2 at the indicated cell cycle stages. cells lacking dynactin. The fluorescence intensity of
(B) Images of representative cells for (A). Left, Dyn1-3GFP; middle, Dyn1-P2-3GFP at the plus ends of anaphase aMTs
CFP-Tub1p; right, merged images. Scale bar equals 2 m.
was 3.7-fold increased over the wild-type Dyn1-3GFP
signal (Figure 7A, p  0.001 by a Student’s t test). Dyn1-
P2-3GFP also displayed diminished association with
Dynein Concentrates at the Plus Ends of aMTs the SPBs (Figure 7B). A complete description of the
in Anaphase Cells Lacking Dynactin or the Second series of P loop mutants will be reported elsewhere. The
P Loop of the Dynein Heavy Chain similarity between the pattern of localization of Dyn1-
We next examined the influence of dynactin on Dyn1- P2-3GFP and Dyn1-3GFP in dynactin mutants sup-
3GFP localization. Deletions of all three dynactin com- ports the idea that the alteration of dynein localization
ponents produced a similar alteration in the distribution in the dynactin mutants reflects a defect in motor activity
of Dyn1-3GFP. In cells lacking the dynactin orthologs or processivity rather than in cargo recruitment.
Jnm1p (p50), Act5p (ARP1), or Nip100p (p150Glued), we
observed a strong bias for dynein localization at the Dynein Concentrates at the Plus Ends of aMTs
plus ends of aMTs during anaphase (Figure 6). This was in Anaphase Cells Lacking Num1p
most obvious when viewing the intensity of Dyn1-3GFP Unexpectedly, the intracellular distribution of Dyn1-
3GFP in num1 strains was similar to that observed inin dynactin mutants with misoriented anaphase spin-
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Figure 7. The Effect of Loss of Dynactin or
Num1p, or a Motor Domain Mutation on the
Amount of Dynein at aMT Plus Ends and
along aMTs
(A) Dynein accumulation at aMT plus ends.
Fluorescence intensity measurements (arbi-
trary units) from a 4  4 pixel box (0.29 m2 )
drawn over the aMT plus end were acquired
in the indicated strains. The bars indicate the
average values from 50 cells and the standard
deviations. The average intensity in each of
the three mutant strains was significantly dif-
ferent from that of the wild-type strain (see
text).
(B) The fluorescence intensity of Dyn1-3GFP
or Dyn1-2P-3GFP along the length of an
aMT. Fluorescence intensity (arbitrary units)
is shown on the y axis (note that the scale
for the num1 strain differs from the other
strains). The normalized distance along an
aMT is shown on the x axis. The white line in
the inset images indicates the aMT from
which the measurement was obtained.
cells lacking dynactin or in cells expressing Dyn1-P2- analysis divides the dynein regulators into two functional
classes: those that diminish the ability of dynein to bind3GFP (Figures 6 and 7). In fact, loss of Num1p resulted
in the most dramatic increase in dynein at anaphase aMT aMTs, and those that, during anaphase, result in accu-
mulation of dynein at the plus ends of aMTs. We suggestplus ends that we observed (11-fold intensity increase in
comparison to the wild-type control, p  0.001 by a that the first class of regulators, Bik1p and Pac1p, are
required to recruit dynein to aMT plus ends, and thatStudent’s t test; Figure 7A). The increased aMT plus-
end localization of Dyn1-3GFP in num1 anaphase cells the latter class may be required to promote dynein motor
activity, processivity, and/or the transfer of dynein towas lost if these strains also contained the bik1, bik1-
CT40, or the pac1mutations (similar to nip100 bik1- the region of cortical contact. Surprisingly, the latter
class not only includes dynactin, which is known toCT40 result in Figure 6 and data not shown). Further-
more, a nip100 num1 double mutant displayed a simi- promote dynein processivity [16], but also includes the
cortical PH domain-containing protein Num1p [14]. Ourlar pattern of Dyn1-3GFP localization as the nip100
and num1 single mutant cells (data not shown). These findings suggest a new model for dynein-dependent
spindle positioning in budding yeast.findings suggest that Num1p shares a common function
with dynactin.
A Minus End-Directed Motor at the MT Plus End:
The Role of Bik1p and Pac1pDiscussion
We observed a significant concentration of dynein at
the plus ends of both polymerizing and depolymerizingIn this paper, we report visualization of the budding
yeast dynein heavy chain at native levels. This has en- aMTs. These results are consistent with previous obser-
vations in animal cells and Aspergillus [24–27]. Our ex-abled us to characterize how different regulators control
the intracellular distribution of the dynein motor. Our periments shed light on the mechanism by which dynein
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Figure 8. Model for Dynein-Dependent Cortical-MT Capture and Spindle Positioning in Budding Yeast
(A) Budding yeast dynein is recruited to aMT plus ends by Bik1p and Pac1p. Dynein is then delivered to the cortex on polymerizing aMTs.
We speculate that, as in other systems, some dynactin is at the plus ends of aMTs, and therefore we have drawn dynactin together with
dynein in the figure.
(B) Once the aMT contacts a region of the cortex that contains Num1p, dynein is transferred to the membrane and dynein processivity may
be enhanced by Num1-dependent clustering of dynein and dynactin into a lipid microdomain. This “activation” of dynein results in the motility
depicted in (C). Contact with acidic phospholipids may also enhance the dynein ATPase activity [41]. Although not directly tested, we have
drawn Bik1p and Pac1p as separating, based on the fact that we observe Bik1p on all MT plus ends and based on the known interaction
between LIS1-related proteins and dynein [21, 22, 32].
is recruited to the plus ends of MTs. We found that Bik1p these species-specific differences; however, in Asper-
gillus dynactin might assume a more important role inis a functional component of the dynein mechanism for
spindle positioning and that Bik1p, specifically its cargo dynein localization than in budding yeast [24].
binding domain, has an important role in recruiting dyn-
ein to aMT plus ends. These findings are in agreement Accumulation of Dynein at MT Plus Ends
in the Absence of Dynactinwith recent studies in mammalian cells reporting that
the cargo binding domain of human CLIP-170 binds LIS1 The targeting of dynein to MT plus ends raises interest-
ing questions about the regulation of dynein in vivo.and that overexpression of CLIP-170 can recruit LIS1,
and potentially other dynein components, onto MTs [21, Because of the rapid speed of minus end-directed
movement of cytoplasmic dynein [36], it seems likely23]. We also obtained evidence for binding of Bik1p to
Pac1p by two-hybrid experiments. Thus, the complex that dynein could only accumulate at MT plus ends if
the motor activity were inhibited and/or if dynein pro-between CLIP-170- and LIS1-related proteins appears
to be a highly conserved element of the mechanism for cessivity were extremely low. Our results support this
idea. First, anaphase cells lacking components of thetargeting dynein to MTs. Recruitment to MTs by a plus-
end tracking protein (CLIP-170/Bik1p) may explain how dynactin complex displayed a marked accumulation of
the dynein heavy chain on the plus ends of aMTs. Sec-a minus end-directed motor protein can be returned to
the plus end. ond, concomitant with this plus-end enhancement, there
was a decrease in the amount of dynein associated withp150Glued-related proteins have also been suggested
to link dynein to MT plus ends [27]. Surprisingly, loss of the SPBs in these cells. Third, an inactivating mutation
in a dynein P loop domain also enhanced dynein local-Nip100p did not diminish MT-association of dynein, but
in fact caused enhanced Bik1p- and Pac1p-dependent ization to aMT plus ends. These findings suggest that
dynactin promotes the ability of dynein to translocatelocalization of dynein to aMT plus ends in anaphase.
Therefore, at least in budding yeast, Nip100p does not from the plus end of an aMT to the minus end (SPB).
Additional levels of control on the rate of recruitment ofappear to play the major role in recruiting dynein to aMT
plus ends. dynein to the MT plus end, on dynein motor activity, or
on the activity of dynactin may also exist. Cell cycleThere are differences in the apparent role of LIS1-
related proteins in different systems. First, LIS1-related regulation at any of these levels might account for our
finding that in dynactin mutants we primarily see dyneinproteins have also been implicated in recruitment of
dynein to the cell cortex in some cell types [19, 20]. One accumulation at aMT plus ends during anaphase.
There are important unanswered questions regardingway to reconcile our findings with this previous work is
to postulate that the plus ends of aMTs deliver LIS1 to yeast dynactin that are relevant to our model. The first
question is whether there is a substantial pool of dynac-the cell cortex in these cells. If this explanation is correct,
then (at least in the Drosophila oocyte), once delivered tin at aMT plus ends. Based on localization of dynactin
in other systems, it seems likely that some amount ofto the cortex, LIS1 must interact stably with a cortical
component, because LIS1 cortical localization is not lost yeast dynactin is at aMT plus ends [26, 27]; however,
perhaps for technical reasons, this has not been clearlyafter disruption of MTs by colchicine treatment [19].
Second, in Aspergillus, dynein appears to localize nor- demonstrated in budding yeast [8, 17, 18]. Interestingly,
although a fusion between Jnm1p (p50) and -galactosi-mally to MT plus ends in the absence of the LIS1 ortholog
NUDF [35]. At this point, we do not know the basis for dase was primarily detected at the SPB, some of the
Determinants of Dynein Localization and Activation
371
native level fusion protein was also detected associated explains the redistribution of dynein that occurs in cells
lacking dynactin or Num1p. Second, the model suggestswith aMTs [18]. It will be important to reexamine the
localization of Jnm1p using GFP fusions. The second a function for the pool of dynein and/or dynactin that
has been recently observed at the plus ends of MTs ininteresting question is whether dynactin might have a
role in tethering yeast dynein to the spindle poles, as many organisms.
has been suggested in other systems [2, 37, 38]. Our
Supplementary Materialfinding that dynein concentrates at aMT plus ends and is
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